AD=AQO42 108

UNCLASSIFIED

CALIFORNIA UNIV LOS ANGELES DEPT OF MATERIALS F/6 1176

THEORETICAL INVESTIGATION OF ANOMALOUS PROPERTIFS OF RCC TI+ ZR==ETC(U)

JUN 77 D DE FONTAINE DA=ARO=D=31=124=73=G160
UCLA=ENG=T741 ARO=11286,.2-M6 NL

END END

DATE DATE
FILMEL FILMED

877 B=77

~
g




ADA(G42108
é
SRS
T
Q\*/

FINAL REPORT TO
U.S. ARMY RESEARCH OFFICE

DDC
Grant Nos.
DA-ARQ-D-31-124-73-G160 JUL 27 1917
DAHC 04-74-G-0183 .

DAHC 04-76-G-0018 o
—~ A

UCLA-ENG-7741
THEORETICAL INVESTIGATION OF ANOMALOUS

e PROPERTIES OF BCC Ti, Zr AND Hf ALLOYS
> ACCESSION for__ il
[ . NTIS White Section (71
EE% 0oe Buff Section [ 0. de Fontaine
UNANNOUNCED 0 Principal Investigator
o JUSTIFICATION _____
:. el e e
[ — e | .
p— DISTRIBUTION AVAILABHITY CODES
[ | Dist._ AVAIL. and o SPLCIAL
T e T R e T T

— e

\



THE FINDINGS IN THIS REPORT ARE NOT BE TO CONSTRUED AS OFFICIAL
DEPARTMENT OF THE ARMY POSITION, UNLESS SO DESIGNATED BY OTHER
AUTHORIZED DOCUMENTS.




-~

"

/ \
,4AV PROPERTIES OF BCC Ti, Zr, AND Hf ALLOYS.\ v

Jnclagsified

SECURN TY

CLASSIFICATION OF T15 PAGE (When Data Fntered)

REPORT DOCUMENTATION PAGE

READ INSTRUCTIONS
BEFORF COMPLETING FOKRM

& TITLE (and Subtitle) /

THEORE TICAL INVESTIGATION OF ANOMALOUS

Ls TYPE OF REPORT & PERIOD COVERED

Final Report,'5/1/73-7/31/76

1 RePOWRT mmai:_/" 2. GOVY ACCESSION NOJ 3. RECIPIENT'S CATALOG NUMBER
/4 ’l'lﬂ—iNG-//dll /

z
/

Finat—feport 4 Mi 7?—.’.’ Sl )
q ? AU_Y:_OF(O) ] ’-‘ ;memtq? 1
/ D./de Fontaine .[,s/)’/ OA~ARO-D-31-124-73-616 ¢~
A D/de Fontaine | A DAHCp4-74-6-0183

DAHC 04-76-G-0018

9 PERFORMING ORGANIZATION NAME AND ADDRESS

Materials Dept, School”of Engr. & Applied Science
‘miversity of California, Los Angeles, CA 90024

10. PROGRAM ELEMENT, PROJECT, TASK
AREA A WORK UNIT NUMBERS

/I
U. S. Army Research Office l‘\./

'1. CONTROLLING OF BICE NAME AND ADDRESS 7 3
/17
Post Office Box 12211 : ;

| Junesd, 1977 | L

[vr~mmormﬁ'es

12 REPORT DATE

P43

Besearch T:ianq‘e Park NC 2770Q
4 MONITORING \GENCY WAME & ADCRESS(I diflerant from Controlling Oltice)
T2t A s "y r - M
1277 Al Y/ IANELE . 5
/ ,( 7 :) / -

A ,"‘.-J / l_?i l//,j ’/,/". ;

LTE., DECLASSIFICE

15. SECURITY CLASS. (of thia report)
Unclassi”’
OQWNGRADING

SCHEDULE

o —

'8 OISTRIBUTION STATEMENT (of thie Report)

Approved for public releuse; distribution uniimited.

17. CISTRIBUTION STATEMENT (of the abatract entered In Block 20, if different from Report)

'8 SUPPLEMENTARY NOTES

documents.

The findings in this report are not to be construed as an official
Department of the Army position, unless so designated by other euthorized

19 XEY WORDS (Continue on reverse alde |/ necessary and identily by block number)

Diffusion in bcec metals
Omega phase

GN'SY.ACT (Continue on reveree side If neceseary and Identify by block number)

metals, Ti, Zr and Hf is proposed.
activation complex for vacancy diffusion in the bcc 1
(omega embryo) of a hexagonal phase, the omega phase,
their alloys in a metastable state. The coefficient

the free energy of formation of an omega embryo, and

L A model for anomalous self-diffusion in the bcc-phase Group IV B transition
The model is based upon the identity of the

culated as a function of temperature by means of a phenomenological expression for

attice and the smallest unit
found in these metals and
for self-diffusion is cal-

bv means of a more fundamenta

(cont. reverse side)

EDITION OF | NOV 68 IS OBSOLETE

DD ,an'5, 1473

Unclassified

// /J 6 /37 BECURITY CL AS
T

AR el b SR L

v — g — -

SIFICATION OF THIS PAGF (Whan Data Fatered)

—1 ,"/




20.~ approach based on Kikuchi's Cluster Variation method. The two
methods of calculation for the self-diffusion coefficient of Zr
give excellent agreement with experiment, the observed curvature
of the Arrhenius plot being reproduced perfectly. urthermore,
diffusional anomalies observed in bcc-stabilized alloys of these
metals and, in particular, the increase of the apparent activation
energy with solute concentration are readily explained by the model.
The phenomenological equations derived are simple to use, have
straightforward physical content and may be employed to estimate
diffusion coefficients in anomalous Group IV B transition metals
and alloys when little experimental data is available.
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1. _FOREWORD (ABSTRACT)

A model for anomalous self-diffusion in the bcc-phase
Group IV B transition metals, Ti, Zr and Hf is proposed. The
mode] is based upon the identity of the activation complex for
vacancy diffusion in the bcc lattice and the smallest unit
(omega embryo) of a hexagonal phase, the omega phase, found in
these metals and their alloys in a metastable state. The coef-
ficient for self-diffusion is calculated as a function of tem-
perature by means of a phenomenological expression for the free
energy of formation of an omega embryo, and by means of a more
fundamental approach based on Kikuchi's Cluster Variation method.
The two methods of calculation for the self-diffusion coefficient
of Zr give excellent agreement with experiment, the observed
curvature of the Arrhenius plot being reproduced perfectly. Further-
more, diffusional anomalies observed in bcc-stabilized alloys of these
metals and, in particular, the increase of the apparent activation
energy with solute concentration are readily explained by the model.
The phenomenoloqgical equations derived are simple to use, have straighte
forward physical content and may be employed to estimate diffusion coef-

ficients in a-omalous Group IV B transition metals and alloys when little
experimental data is available. | ACCSTR Tor
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3. LIST OF TLLUSTRATIONS

Figure 1: The configurations of the elementary « embryo and the
activated complex for diffusion. The atom at 0 exchanges
place with a vacancy at V (a) by forming, in the process,
an elementary « embryo (b).

Figure 2: Comparison of the diffusion coefficient predicted by the
phenomenological model to the experimental data by Federer
and Lundy(zo).

Figure 3: The concentration of w embryos (activated complexes for
diffusion) versus the absolute temperature. The concen-
tration of w embryos increases with a decrease in tempera-
ture as postulated in the phenomenological approach(ls)

Figure 4: The diffusion coefficient predicted by the phenomenological

approach is compared to the data of Murdock and Lundy(23)

i
for self-diffusion (a), and to the data of Santos and Dyment(“

for diffusion of ““Ti in Ti-Mn alloys of composition: (b) 9.7:M

(c) 13.3%Mn, (d) 17.97Mn and (e) 20.6%Mn.
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4.

4. BODY OF REPORT

1. Introduction

The objective of this investigation was the search for a
theoretical model for anomalous self-diffusion in the Group IV B
transition metals: Titanium, Zirconium and Hafnium. These three
metals, along with y-Uranium and the rare earths &-Cerium and
--Praseodymium exhibit anomalous diffusional properties(]’2’3).

Normal behavior is characterized by a diffusion coefficient D

given by

D = D, exp(-Q/RT)

with the pre-exponential factor b, of order 0.05 to 5.0 cmz/sec
and activation energy given approximately by Q = 34 Tm where Tm
is the absolute temperature of melting and where R and T are the
gas constant and absolute temperature respectively. DO and Q are
approximately temperature independent since a plot of log D vs.
1/T yields a straight line over several decades of D. By contrast,
the anomalous metals are characterized by significantly curved
Arrhenius plots which have been interpreted as due either to a
temperature variation of the activation energy or to the parti-
cipation of more than one mechanism in bulk diffusion(]’a).
Numerous attempts have been made to explain anomalous

diffusion by means of two or more contributing mechanism(]’4’5).

This approach invariably encounters two serious difficulties:

| e ——
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the fact that anomalous diffusion is confined to a very specific
group of metals is not explained nor can the values of the para-
meters for the low temperature mechanisms be rationalized: i.e.,
a pre-exponential factor which is several orders of magnitude
lower than that of normal metals and an activation energy at

least half as large as the high temperature one(]’4).

The approach whi~h allows for a temperature variation of
the activation er ned to a few investigators to be a more
(4

sensible one such a temperature dependence of Q is

made plausible by the existence of a low temperature phase transi-
tion. Indeed, all anomalous metals present allotropic phase tran-
sitions; in particular Ti, Zr, Hf and Py transform from bcc phase
to the hexagonal close packed structure stable at low temperature,
and the stable form of Uranium at room temperature is orthorhombic,
a distorted hexagonal close-packed structure. In addition, Ti, Zr
and Hf transform to a metastable hexagonal (but not close-packed)

(9)

phase, the so-called omega phase, upon alloying or under pres-

sure(lo).

Furthermore, T%. Lr, Ce and Hf are Group IV B elements,
the transition metal counterparts of Group IV A elements, the light
elements of which are convalently bonded. The trigonally bonded
basal plane of the hexagonal w structure has, in fact, the structure

of the basal plane of graphite indicative of strong covalent compo-

nent to the total binding energy.




Thus, the bcc structure appears to be a necessary but not

sufficient condition for the diffusional anomalies, the additional

condition required being that the bcc structure transform to a hexa-

gonal phase at low temperature. Rather than seeking a connection

between the anomalies and the hcp phase itse]f(6), we attempted to

establish the connection with the w phase.

It can now be stated unequivocally that the objectives of

the proposal research have been fully met:

1.

a model which explains the experimental data has been found
and gives excellent quantitative fit,

subsequent application of the model to self-diffusion in Ti

a]loys(]l) has been equally successful,

. our model is claimed by other investigators to be the most

promising one to explain anomalous diffusion in certain bcc-

phase rare earths(12),

. ours appears to be the only really new diffusion model proposed

in the last 20 years. As such, it has prompted experimenta-
]ists(]3’]4) to perform new measurements on the anomalous dif-

fusers.

A brief summary of results obtained follows. Details will

be found in the Ph.D Dissertation of Dr. J. M. Sanchez(]]) and

(15-17)

in relevant publications :
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4.2. Diffraction Model

OQur first task, before tackling the difficult one of the
diffusion mechanism, was to understand better the « phase trans-
formation. We therefore attempted to explain electron and neu-
tron diffraction patterns from bcc Ti and Zr alloys transforming
to the « phase. It was found essential to include anharmonic
effects in both the free energy and the diffraction equations.

[n this way, we were able to establish a direct connection be-

tween a Landau expression for the free energy of the transforming
bcc phase and the diffraction pattern. Direct Fourier and optical
transforms yielded a plausible picture of patterns of atomic dis-
placements, and comparison with neutron diffraction data(]8) yiel-
ded a plausible temperature dependence of the third order anharmo-
nic free energy term B(T) to be used in the diffusion model. De-

tails are to be found in Ref. 16.

s

.
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3 Phenomenological Model

From the start, we assumed a vacancy mechanism, i.e., a dif-
fusing atom exchanging places with a vacant substitutional site. 'na
so doing, the atom passes through an unstable saddle point confiqgura-
tion, momentarily forming an "activated complex" which spontaneously
decays.

The key to the explanation of anomalous diffusion consists of
recognizing that, in bcc structures, the required activated complex
is none other than an « embryo, that is, the smallest unit or clus-
ter of neighboring atoms having the essential w-structure characteris-
tics. This can be seen in Figure 1: The top portion (a) shows a
(111) plane ABC end an atom at O occupying the normal body-centered
site just below the ABC triangle. For this atom to exchange places
with a nearest-neighbor vacancy at V, it must first pass through the
“activated” position within and at the center of the ABC triangle.
This activated confiquration is shown in Figure 1 (b), which is an
. embryo exhibiting elementary "collapse" of two neighboring (111)
planes, the one at ABC ‘and the one at 0. One recognizes in Figure 1

(8).

(b) the characteristic trigonally bonded « structure Once the
configuration depicted in Figure 1 (b) is reached, the central atom
will jump to a nearest neighbor vacancy, if available, without any
extra expenditure in energy as in the case of normal diffusion. The

essential difference with normal diffusion comes about when the re-
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versible work of formation of the activated state is calculated. In
the case of systems in which the . structure is a low temperature me-
tastable phase, close to the transition temperature the free energy
of formation of an activated complex ( or w embryo) will be much
smaller than in the case of normal bcc metals, resulting in a higher
concentration of activated states and consequently enhancing diffusion
at low temperatures. On the other hand, in the limit of high tempera-
tures, random thermal vibrations will tend to destroy the w embryos
and the diffusion process should be characterized by normal values
and behavior of the diffusion coefficient.

By making the assumption that the free energy change in forming
unit amount of . is described by a Landau expansion with third-order

coefficient given by
B(T) = Const./T (1)

it is possible to derive the following expression for the coefficient

of self-diffusion
ik 2
D = Uo exp(-Q/RT) exp(AHmTO/RT ) (2)

in which DO is the usual preexponential factor, Q is the usual activa-
tion energy, estimated here by the "normal" rule Q = 34 Tm where Tm is the
melting temperature. /Hm is the motion enthalpy for vacancy diffusion

and TO is the bcc » o transition temperature.
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In the particular case of self-diffusion in bcc Zr, Q is
70 kcal/mole, and TO is estimated to be about 830°K by extrapo-
lation of the . transition temperature curve vs. composition in
a Zr-Nb a]loy(]g). The remaining two parameters DO and JHm can
be determined by fitting Equation (2) to the data of Federer and

Lundy (20) yielding DO = 0.21 cm2/sec and ﬁHm = 32.5 kcal/mole,

both parameters falling well within the expected range of values.

As can be seen from Figure 2, the fit is as perfect as the data

warrants. Additional details are given in Reference 15.
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4.4. C(luster Variation Model

The temperature dependence given in tquation (1) was merely
postulated; it was thus desired to obtain a more fundamental justifi-
cation thereof. To that end, the free energy of the bcc phase was
written as a function of cluster frequencies, the largest cluster
consisting of the 8-point primitive bcc unit cell, each point being
occupied by a 0, +1 or -1 displacement (on a suitable scale) along a
given [111] direction. It was thus possible to simulate activated
complexes or other intermediate structure between perfect bcec and
perfect ». The internal energy was taken as a linear combination of
cluster frequencies and the entropy was derived by the Cluster
Variation method of Kikuchi(ZI).

At any temperature, equilibrium states are obtained by mini-
mizing the free energy with respect to cluster frequencies. This is
a formidable task since there ére 3% = 6561 cluster variables (not all
distinct), and the same number of simultaneous non-linear algebraic
equations to be solved. Dr. Sanchez was able to do this by modifying the

Natural Iteration algorithm recently developed by Kikuchi(zz).

It was
then possible to calculate directly the temperature dependence of acti-
vated complexes, as shown in Fiqure 3. From there, it was possible, as
was done above, to obtain the temperature dependence of the diffusion

coefficient for the case of pure Zr. The fit to the data by this method

was every bit as good as that shown in Fig. 2, but this time with a solid

———— T g T T N T R R T T e ——————
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Justification for all temperature dependences. In addition to
providing new insight into the . phase transformation, this study
provided additional returns: (a) it was apparently the first ap-
plication of the cluster variation method (CVM) to displacive
transitions, perhaps paving the way for future use of the CVM to
this important field of phase transformations; (b) it was the most
ambitious CVM calculation yet undertaken, in terms of number of
variables and equations, thereby demonstrating the feasibility of
solving very complex problems by the algorithms developed. From
the strictly computational viewpoint, the experience gained has
been invaluable for our new ARO(D)-sponsored project which has just
gotten under way.

A complete treatment of the problem will be found in the Ph.D

(11) 17).

Dissertation of Dr. Sanchez and in forthcoming publications(
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Group IV B transition metals with -stabilizing alloying additions
do not conform to well-established rules for solvent diffusion: normally,

if an alloying addition lowers the solidus temperature T , a corresponding

m

lowering of the activation energy for diffusion takes place as expected
from the relation Q = 34 Tm. In the anomalous metals, however, the
effect of t-stabilizing elenents appears to be the exact opposite: al-
loying additions which lower the solidus temperature result in an increase
in the activation energy for diffusion. For instance, solvent diffusion
in Ti-rich Ti-V alloys is "anomalous', with activation energy increasing
with V content, while V-rich alloys behave normally. Recent experiments

on diffusion of *“T1 in Ti-Mn and Ti-Co alloys'2d)

indicate that the
curvature of the Arrhenius plot decreases as the alloying element content

is increased. Also if the data is analyzed in terms of a best straight-
line fit, both effective Dj and Q values are found to be anomalously 1ow

in Mn or Co-lean alloys, to become progressively more ncrmal as the alloying
element content is increased.

Such behaviour, which defies interpretation in terms of a normal
diffusion process, is readily explained in terms of the w-embryo mechanism.
Since Mn(or Co)is a f-stabilizing element, the £ + 4 transition temperature
T0 decreases rapidly with alloying additions, more rapidly in fact than

the solidus temperature Tm. This means that, at a given temperature,

increased alloying effectively take the system further away from the

R T T = S e - e = : . PR e e i



transition so that, by Figure 3, the concentration of w-embryos is
expected to decrease, resulting in increasingly "normal" behaviour.
The phenomenological model presented in Section 3 is particularly
convenient for analyzing these effects quantitatively. By consideration
of Equation (2), we may define an effective temperature-dependent acti-

vation enerqgy

e

Qeff(TsC) 34 "rm(c)[] e _%"] (3)

where « is a constant of the order of 0.5, and where both solidus and
transition temperatures Tm and TO are concentration dependent.
h Application of Equation (3) to the Ti-Mn system result in the calculated
curves shown in Figures 4 a-e. Not only is the fit to the data as good
as can be expected, but the resulting values of the fitted parameters
fall well within the allowed ranges, while the curvature of the Arrhenius
plots decreases as the transition temperature To decreases with concen-
tration c. Hence,it can be concluded that all anomalies have been ex-
plained satisfactorily.
Additional details are given in the Ph.D Dissertation of Dr.

(1) (17),

Sanchez and in forthcoming publications
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.6. Conclusion

The proposed model is a simple one, with clear qualitative
physical interpretation and excellent quantitative fit to experi-
mental data. By relating the diffusional anomalies of Ti, Zr and
Hf metals and alloys to the important . displacive transition, we
have discovered a new diffusional model, surely a significant ac-
complishment in its own right. Already, our model is cited in

very recent review drtic]es(25’26)

, and is described as "very con-
vincing".

From a practical point of view, the model is found to have
predictive value: Equations (2) or (3) are sufficiently simple, and
most parameters can be approximated well enough to enable an experi-
menter to predict the diffusional properties of an anomalous system
for various temperatures and concentrations, without the necessity
of performing costly and time-consuming experiments. For example,
resistence to high-temperature steady-state creep in Ti alloys can
be significantly improved by adding (-stabilizing elements, and by
avoiding hcp-stabilizing elements such as Al. The analysis can be
made quantitative through the use of Etquation (3).

Much work of a fundamental nature remains to be done. Here
are a few suggestions:

a. better analytical treatments of the w phase transformation are
required, either in the framework of the displacive wave method

T T

p— .y - g e ey e e ——————————
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with anharmonic terms in the free energy, or by the Cluster

Variation method with larger clusters than the ones used here.

the best quantitative experimental knowledge of the . trans-
formation is obtained by diffraction methods: X-ray, electron,
and particularly neutron diffraction. Much more work is needed
to collect data over a range of concentrations and temperatures
in a variety of Ti, Zr and Hf alloys, and in various bcc-based

ordered alloys such as :-CuZn<27).

Since the . phase is found to be stable in the pure elements
at nigh pressure, experiments of both diffraction and diffusion
types should be conducted under pressure in Ti and Zr alloys

as a function of average concentration and temperature.

other anomalous metals such as bcc Ce should be investigated in
the light of the proposed model for Ti, Zr and Hf. In particular,
it would be interesting to find out whether high-pressure or high-
alloy content metastable phases with structure similar to w exist
for these rare earths. Such studies have not been conducted pre-
sumably because these elements are very reactive and present only

a very narrow temperature range for the high-temperature bcc phases.

anomalous diffusion should be further investigated, in both element
and alloy, by such techniques as the isotope effect, as is currently

being performed by Professor Lazarus and co-workers. Early results

P —— Y. SR T T I T T —p—— g




(14)

appear to substantiate our model
In the past, the discovery of a new theoretical model has
often suggested renewed experimental activity in the field, while
providing useful guidelines for practical applications. We believe

that this will also occur in the present instance if appropriate

funding is available.
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’ APPENDIX
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